• Plant sterol accumulation in platelet membrane induces platelet hyperreactivity shedding of GPIbα, impaired platelet adhesion to von Willebrand Factor, and inability to form stable thrombi. Plasma levels of soluble GPIbα were strongly correlated with plasma sitosterol levels in samples from human sitosterolemic patients, implicating a similar mechanism of sterolinduced platelet passivation in the human disease. Intercalation of plant sterols into the plasma membrane therefore results in dysregulation of multiple platelet activation pathways, leading to macrothrombocytopenia and bleeding.
Introduction
Subject to cultural and geographic variation, most humans ingest approximately equal amounts of cholesterol and plant-derived (phyto) sterols -approximately 200-500 mg of each per day.
1 While 20-80% of dietary cholesterol is absorbed, 2 dietary plant sterols, which include stigmasterol, campesterol, and sitosterol, are normally actively excreted, resulting in less than 1% retention. 3 Clues that a specific molecular mechanism was involved in the selective removal of phytosterols were first provided by Bhattacharyya and Conner in a 1974 description of extensive tendon xanthomas and unusually high levels of β -sitosterol with normal cholesterol levels in two sisters suffering from what is now most commonly known as sitosterolemia.
Results

Effect of Abcg8-deficiency on hematological parameters
Previous studies have shown that Abcg5-deficient (Abcg5 -/-) mice fed a high-sterol diet develop sitosterolemia with accompanying macrothrombocytopenia. 14 Targeted disruption of its heterodimer subunit, Abcg8, produces phenotypically indistinguishable mice with increased plasma and tissue plant sterol levels, similar that observed in sitosterolemia patients but platelet abnormality had not been examined. 14;18 As shown in Figures 1A and B, Abcg8 -/-mice fed a defined low phytosterol diet (Abcg8 -/-LS mice) had a normal platelet count, and their platelets were normal size. When fed a define high sterol diet for six weeks, however, the mice (referred to as Abcg8 -/-HS) developed profound macrothrombocytopenia, with platelet size increasing to that of mice lacking GPIbα (Bernard-Soulier mice).
19 Abcg8 -/-HS mice also developed hemolytic anemia ( Figure 1C ) typically associated with human sitosterolemia. 11 These hematological parameters were nearly identical in Abcg5-deficient mice fed a high sterol diet (not shown). The effect of the high plant sterol diet was specific to Abcg5-deficient or Abcg8-deficient mice because C57BL6 wild type mice fed a high plant sterol diet for 8 weeks did not show a significant difference either in platelet count or size compared to those fed with a low plant sterol diet (data not shown). The hemostatic capacity of Abcg8 -/-mice was examined using a standard tail bleeding time assay. The bleeding time of Abcg8 -/-HS mice was prolonged and 7 of 9 mice did not stop bleeding within 5 minutes ( Figure 1D ). The effect of high plant sterol diet on bleeding time was significant as determined using a log-rank test, and the percentage of tail bleeding at 5 minutes in Abcg8 -/-HS mice was different from that of both Abcg8 -/-LS mice and C57BL6 wild type mice (χ 2 P<.01).
Plant sterols accumulate in platelet membranes and induce microparticle generation
Plant sterols accumulate as morphologically distinct lipid droplets inside of stomatocytic red blood cells; 11;14 however, platelets from sitosterolemic humans or mice contain no abnormal inclusion bodies; they are simply large. Whole blood samples collected from Abcg8 -/-mice fed a high plant sterol diet were stained with the cholesterol-binding fluorescent dye, filipin, and analyzed by flow cytometry. 21 As shown in Figure 2A , filipin staining was 15-20 times greater in Abcg5 -/-HS, relative to Abcg5 -/-LS, platelets. This difference was not due to the increased size of Abcg5 -/-HS platelets because filipin fluorescence in Abcg5 -/-HS platelets was more than 10 times that of similarly enlarged GPIbα-null platelets. Similarly increased filipin staining was observed in Abcg8 -/-HS platelets (not shown). Sterol composition was also measured by gas chromatography-mass spectrometry (GC-MS) using platelets derived from Abcg5 -/-LS and Abcg5 -/-HS and purified using anti-CD41 magnetic beads. As shown in Figure 2B , Abcg5 -/-HS platelets specifically accumulated the plant sterols campesterol and sitosterol, while cholesterol levels were similar between Abcg5 -/-LS and Abcg5 -/-HS platelets. Incorporation of plant sterols into the platelet plasma membrane had disruptive effects on lipid asymmetry, as indicated by increased generation of Annexin V-positive platelet-derived microparticles in Abcg8 -/-HS compared to Abcg8 -/-LS samples ( Figures 2C, 2D , and 2E). Generation of platelet-derived microparticles in these mice was not due to general fragility of giant platelets, because they were also elevated in comparison with those present in the blood of GPIbα-null mice, which have similar macrothrombocytopenia. Taken together, these results demonstrate that accumulation of plant sterols in the platelet plasma membrane of sitosterolemic mice induces mild, but measurable, platelet activation and microparticle generation.
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Constitutive binding of fibrinogen to its integrin receptor on sitosterolemic platelets induces internalization of the fibrinogen/αIIbβ3 complex.
Platelets from individuals with familial hypercholesterolemia have been known for many years to exhibit signs of hyper-responsiveness due to intercalation of cholesterol into the platelet plasma membrane. 22 To examine whether accumulation of plant sterols might have similar effects, we examined the constitutive association of fibrinogen with the surface of unstimulated Abcg8 -/-HS platelets and compared it with that of similarly sized GPIb-deficient platelets. As shown in Figure 3A , platelets from Abcg8-deficient mice fed a high plant sterol diet contained more surface-bound fibrinogen than did similarly-sized GPIb-null platelets. Such platelets showed marked reduction in the level of the α IIbβ3 fibrinogen receptor on the cell surface ( Figure 3B) , consistent with the well-known ability of ligand binding to induce internalization of the α IIbβ3 integrin complex.
23-25
Decreased fibrinogen binding and increased proteolysis of the GPIb/filamin adhesive complex in sitosterolemic platelets
Fibrinogen binding-induced internalization of α IIbβ3 has the potential to inhibit agonistinduced fibrinogen binding, with a corresponding reduction in platelet aggregation. 25 Because sitosterolemic patients sometimes experience bleeding episodes severe enough to require platelet transfusion, 11 and we observed that Abcg8 -/-HS mice exhibit prolonged tail-vein bleeding times, we next examined the effect of Abcg8 deficiency on agonist-induced fibrinogen binding in mice fed a high plant sterol diet. As shown in Figures 4A and B , a significant population of Abcg8 -/-HS, but not Abcg8 -/-LS, platelets failed to bind fibrinogen following activation by the collagenrelated peptide (CRP), or by thrombin plus calcium ionophore (Supplemental Figure 1) , consistent with the impaired platelet responsiveness to ligand-induced platelet aggregation that has been reported in human sitosterolemia patients.
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Intercalation of phytosterols into the platelet plasma membrane, therefore, appears to have a number of disruptive, mild platelet activating effects, including generation of Annexin V-positive microparticles (Figure 2 ), activation and internalization of the α IIbβ3 complex (Figure 3) , and production of platelets that are partially refractory to agonist-induced activation ( Figure 4A and   4B ). Sub-threshold platelet activation also has the potential to exert other deleterious passivating effects, including the induction of activation-dependent proteolysis of transmembrane receptors and cytosolic adaptor proteins. As shown in Figure 4C , filamin A, a major substrates for µ-calpain in platelets, 26;27 was markedly reduced in Abcg8 -/-HS, compared with Abcg8 -/-LS platelets. In addition to filamin, two other μ -calpain substrates, β actin and septin 5, were also found to be degraded in Abcg8 -/-HS platelets (arrows in Figure 4C ). µ-calpain is subject to autoproteolysis, likely accounting for its lower expression in Abcg8 -/-HS platelets ( Figure 4C ).
Interestingly, filamin appeared to be selectively degraded in the Abcg8 -/-HS platelet population that had become refractory to agonist stimulation ( Figure 4D ). The major plasma membrane binding partner for filamin in platelets, GPIbα, 28;29 is also highly susceptible to proteolysis following platelet activation 30 which results in release of a soluble extracellular domain fragment known as glycocalicin. 31 Because of the role of the GPIb/filamin complex in platelet adhesion following vascular injury, and the known susceptibility of both proteins to activation-dependent proteolysis, 32-34 we further examined the tendency of GPIbα to become cleaved in platelets from Abcg8-deficient mice fed a high plant sterol diet. As shown in Figure 4E , a significant fraction of GPIbα was shed from the surface of Abcg8 -/-HS, but not Abcg8 -/-LS, platelets. Finally, confocal microscopy revealed that both the GPIb complex and filamin ( Figure 4F) were redistributed from the cell periphery to the cytosol in platelets of Abcg8 -/-mice fed a high, but not low, plant sterol diet. Taken together, these data demonstrate that, in addition to proteolysis of cytoskeletal elements, the sitosterolemic condition affects two major glycoprotein complexes, GPIb and α IIbβ3, that function prominently in platelet adhesion and cohesion.
Consequences of α
IIbβ3 internalization and GPIbα shedding for thrombus formation
To examine the functional consequences of adhesion receptor shedding and internalization on platelet function, blood from Abcg8 -/-HS and Abcg8 -/-LS mice was perfused over immobilized recombinant mouse VWF or Type I collagen at a shear rate of 2000s -1 . As shown in Figure 5A and 5B Figure 6 , however, the level of glycocalicin present in the plasma of sitosterolemia patients did show a significant positive correlation with plasma sitosterol levels (correlation coefficient 0.72), but not plasma cholesterol levels (correlation coefficient 0.45), consistent with a specific effect of elevated plant sterol levels and GPIbα shedding.
Megakaryocytopoiesis in Abcg8 -/-mice
To analyze the effects of plant sterol accumulation on megakaryocytopoiesis, bone marrow (BM) from Abcg8 -/-mice fed either a low or high plant sterol diet were harvested for histologic analysis. As shown in Figures 7A and B , large mature megakaryocytes were easily recognized, and some of these megakaryocytes exhibited multifocal emperipolesis of neutrophils (arrows in Figure 7C ), suggesting enhanced thrombocytogenetic activity. 36 The absolute number of high ploidy megakaryocytes in the BM from Abcg8 -/-mice fed high plant sterol diet (67 ± 18/mm 2 , n = 4) was about two times higher than that from Abcg8 -/-mice fed low plant sterol diet (28 ± 10/mm 2 , n = 4).
Because mature megakaryocytes derived from Abcg8 -/-HS are fragile, they were isolated using anti-CD41 magnetic beads and cultured in vitro for 60 hrs in the presence of mouse thrombopoietin before performing ploidy analysis. As shown in Figures 7F and G Figure 2H ) and myocardial degeneration with multifocal histiocytic infiltration (Supplemental Figure 2J ) was also observed in Abcg8 -/-mice fed a high plant sterol diet.
Discussion
The involvement of the ABC transporter genes ABCG5 and ABCG8 in removing plant sterols from the body originated from mapping studies of genes responsible for the rare genetic disorder, sitosterolemia, 5-8 and mice missing Abcg5 or Abcg8, either by design 14 or through a mistake in nature 9 have existed for a number of years. In the present study, we exploited murine knockout models of sitosterolemia to develop a mechanistic understanding of how excessive plasma levels of plant sterols might exert their effects on platelet structure and function. By carefully controlling exposure to dietary plant sterols in mice genetically-deficient in Abcg5 or Abcg8, we were able to induce dramatic, reversible differences in plate-let physiology in mice exposed to low versus high levels of dietary phytosterols. Abcg5 -/-or Abcg8 -/-mice fed a high plant sterol diet developed macrothrombocytopenia and hemolysis that closely mimicked human sitosterolemia. Previous studies have documented the accumulation of phytosterols in red blood cells and its effects on membrane rigidity and flexibility which may lead to hemolytic anemia.
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However, enrichment of phytosterols in platelets and the mechanism how phytosterols affect platelet size, number, and function have not been described. In this study, we demonstrate accumulation of plant sterols in the membranes of Abcg5 -/-HS and Abcg8 -/-HS mouse platelets, the resulting hyperactivatable status of which may explain the mechanism of the platelet phenotype in sitosterolemia.
The increased fibrinogen binding observed in Abcg8 Previous studies observed an increased number of low, but not high, ploidy megakaryocytes in Abcg5 -/-and trac/trac mice. 9;14 In our study, the percentage of both immature (2N and 4N) and high ploidy megakaryocytes (ploidy > 128N) was increased ( Figures 7G and H) . One explanation for this discrepancy may be differences in the severity of sitosterolemia achieved. In the previous two studies, Abcg5 -/-mice or trac/trac mice were fed a standard diet, while our Abcg5 -/-and Abcg8 -/-mice were fed a custom defined diet enriched with plant sterols (1% wt/wt) for 6 to 12 weeks before analysis. Thus, differences in ploidy distribution observed might be attributable to the degree of plant sterol accumulation in bone marrow megakaryocytes, thereby affecting the severity of the sitosterolemic condition. Differences in the isolation efficiency of relatively fragile high-ploidy megakaryocytes derived from Abcg8 -/-HS mice may have also contributed to the discrepancy between the two studies.
The bleeding abnormality that some sitosterolemic humans 11 and mice 9 experience, other than the obvious consequence of being thrombocytopenic, is likely due to a number of factors. Figure 3) . Clues into the cell biological basis for the differing effects of intercalating various sterols into cell membranes might be found in an classic study by Clejan and colleagues, who found that phytosterols become preferentially translocated into the outer leaflet of the lipid bilayer, while cholesterol becomes rapidly distributed into both leaflets.
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Whether and how the properties of these closely-related sterols affect the architecture of ion channels, adhesion receptors, and underlying signaling molecules is an unsolved and potentially fruitful area of future investigation.
The observation of phytosterol-induced activation leading to platelet passivation and bleeding in sitosterolemia is just the latest piece of evidence that, contrary to common belief, platelet hyper-reactivity, rather than leading to thrombosis, often manifests itself as a bleeding phenotype.
Thus, a constitutively active form of the GPIb VWF receptor is responsible for platelet-type von Willebrand disease, 48 while an activating mutation in the α IIbβ3 receptor that supports binding to platelets of fibrinogen, fibronectin, and VWF leads to a Glanzmann thrombasthenia-like bleeding abnormality. 49 Future studies aimed at identifying the mechanism by which accumulation of free sterols within membranes of platelets elicits platelet passivating effects while at the same time accelerating the development of atherosclerosis may provide important clues into the diverse effects that dietary lipids exert on thrombosis, hemostasis, and vascular biology. 
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